We describe the synthesis of a novel biphenyl azobenzene derivative exhibiting: (i) a protected thiol anchoring group in the -position to readily form self-assembled monolayers (SAMs) on Au surfaces; and (ii) a terminal perfluorinated benzene ring in the -position to modify the surface properties. The design of this molecule ensured both an efficient in-situ photoswitching between the trans and cis isomers when chemisorbed on Au(111), due to the presence of a biphenyl bridge between the thiol protected anchoring group and the azo dye, and a significant variation of the work function of the SAM in the two isomeric states, induced by the perfluorinated phenyl head group. By exploiting the light responsive nature of the chemisorbed molecules, it is possible to dynamically modify in-situ the work function of the SAM-covered electrode, as demonstrated both experimentally and by quantum-chemical calculations, revealing changes in work function up to 220 meV. These findings are relevant for tuning the work function of metallic electrodes, and hence to dynamically modulate charge injection at metalsemiconductor interfaces for organic opto-electronic applications.
Introduction
Photochromes are light sensitive molecules which are capable of undergoing isomerisation between two or more (meta)stable states when exposed to external electromagnetic stimuli. 1 Among them, azobenzenes are particularly interesting since they can photoisomerise from a fully extended trans form to a bent cis form and vice versa when exposed to ultraviolet or visible light, respectively. [2] [3] [4] [5] Azobenzenes can be equipped with anchoring groups to promote chemisorption on metallic electrodes, forming highly ordered self-assembled monolayers (SAMs). 6, 7 The light-induced modification of azobenzene SAMs has been shown to be a successful route to reversibly modulate functional properties of surfaces and interfaces for electronic applications. Properties that can be modulated in this way include the work functions of metal surfaces, [8] [9] [10] [11] current density in monomolecular layers, 12, 13 optical properties of SAMs [14] [15] [16] (and thin films 3 ) and charge injection in organic field-effect transistors (OFET). 17 We have recently shown that a significant variation of the work function in presence of azobenzene SAMs can be obtained by functionalisation of the molecule with a perfluorinated head group, observing that the magnitude of the switch is determined not only by changes in a molecular dipole contribution but also by the counter-acting effect of the bond dipole. The in-situ work function variation in the prior work was slightly lower than predicted by quantum-chemical calculations (90 meV versus 200 meV), possibly because the short (monophenyl) anchoring group could allow electrode quenching of the excited state of the trans isomer before isomerisation occurs, with the consequence of a low photo-isomerization yield on the surface. 18, 19 In this manuscript we report the synthesis of a new perfluorinated functionalized azobenzene molecules possessing a biphenyl bridge connecting the thiol protected anchoring group and the azo moiety. We investigate the ex-situ and on-surface (in-situ) reversible change in the SAM work function, going from a trans to cis isomeric form and vice versa when exposed to UV and visible light, respectively. Such a dynamic change in the work function has been monitored experimentally at different length scales using various techniques such as photoelectron spectroscopy, macroscopic Kelvin probe and Kelvin Probe Force Microscopy (KPFM), and further corroborated by quantum-chemical calculations. Note that we use the acetyl protected derivate 1 for the SAM to avoid the formation of hardly soluble disulfides, while for the theoretical studies the sulphur radical terminated derivate was considered to reduce the complexity and computing processing costs. 
Methods

Synthesis of 1
The synthesis of the terminally fluorinated biphenyl azobenzene 1 was achieved in 5 steps and is displayed in Scheme 1. Key steps are the Suzuki coupling to assemble both biphenyl subunits and the Mills reaction for the asymmetric azo coupling. In particular the first biphenyl synthon 4 was obtained by coupling the boronic acid ester derivative 2 with pentafluoroiodobenzene 3. Removal of the BOC protection group in 4 gave the bipehnylamine 5, which reacted with 1-bromo-4-nitrosobenzene to provide the azo derivative 6 in a Mills condensation. The bromine substituent of 6 enabled the second Suzuki couopling with boroxine 7 resulting in the biphenyl-azo-derivative 8. Transprotection of the arylthiol provided the target structure 1. Synthetic protocols and a full characterization of all compounds are provided in the ESI. The identity of all new compounds was corroborated by 1 H-, 19 F-, and 13 C-NMR spectroscopy, mass spectrometry and elemental analysis.
Preparation of SAMs of 1
10 µM solutions of 1 in chloroform were prepared in a volumetric flask and stored inside the cool dark environment of a refrigerator. To prepare SAMs in the trans form, ozone treated clean gold on mica (Georg Albert PVD, Germany) was immersed in the solution for 24 h in an air tight beaker. It was found that no deprotection of 1 was required to form SAMs, as has been reported in the literature for a number of thioacetate-terminated conjugated molecules [20] [21] [22] -though it is known that the kinetics are somewhat slower than for SAM formation from deprotected thioacetates. 21, 23 To prepare ex-situ SAMs in the cis form, a beaker containing a solution of 1 was placed under an inverted cardboard box and irradiated through a slit with UV light at =366 nm (8 W electrical power intensity) for a period of 120 s. Subsequently, clean gold substrates were removed from the ozone treatment chamber and immediately immersed in the cis solution for 24 h inside a refrigerator at 4 °C. Solution absorption spectra displayed in Fig. 1(d) confirm that the cis to trans back reaction does not progress significantly over a period of 24h at 4 °C. For both the trans and cis SAMs, after 24 hours, the gold substrates were removed from the solution and rinsed with a large volume of pure chloroform solution and dried under a gentle stream of nitrogen gas.
Ambient Photoelectron Spectroscopy
The work function of the electrodes modified with the SAMs was measured by means of ambient photoelectron spectroscopy with a Riken Keiki spectrophotometer (Japan) model AC-2. The conditions employed during the measurements were a scanning energy range from 4.0 to 6.2 eV with a measurement interval of 0.1 eV and UV spot intensity of 10 nW.
Macroscopic Kelvin Probe
The surface potential difference of the SAMs on gold was measured by means of ambient macroscopic Kelvin probe KP020 (KP Technology Ltd, UK). A gold tip of 2 mm diameter was used as the probe electrode. A sample of bare gold film on mica was used as a reference.
Kelvin Probe Force Microscopy
KPFM measurements were performed in air by employing a commercial microscope Multimode III (Bruker, Germany) with extender electronics module. In order to obtain a sufficiently large and detectable mechanical deflection, we used (k = 2.8 N/m) Pt/Ir coated Si ultralevers (SCM-PIT, Bruker) with oscillating frequencies in the range 60 <  < 90 kHz. AFM and KPFM images are acquired in the same measurement; a topographic line scan is first obtained by AFM operating in tapping mode and then that same line is rescanned in lift mode with the tip raised to a lift height of 10 nm. KPFM technique provides a voltage resolution of about 5 mV and a lateral resolution of a few tens of nanometres. Calibration of the probe was carried out against a freshly cleaved Highly Oriented Pyrolytic Graphite (HOPG) surface. 24 comprehensive description of the two techniques can be found in 25 and references therein.
Water contact angle
Contact angles of sessile water drops on functionalised Au(111) surfaces were measured with a Krüss DSA100 Drop Shape Analyser.
Theoretical simulations
A 2D periodic slab made of five layers of Au(111) with a lattice parameter of 4.1Å (Au-Au distance of 2.9Å) was built. 26 The chosen number of gold layers ensures a good convergence of the results when varying the thickness of the slab; a vacuum region of 40 Å is introduced in the third direction to avoid electrostatic interactions between repeated slabs. In order to assess exclusively the influence of the fluorination pattern in 1, we have adopted the same unit cell as that considered for the non-fluorinated analogue on the basis of experimental STM images, with a = 8.7Å; b = 7.7Å, and α = 79° (Fig. 2a , red frame); 9 this represents the best compromise between the limited size of the unit cell that we can treat and the gold surface periodicity constraints. Based on our findings for the previously studied compounds, we have introduced two independent chemisorbed molecules within a herringbone packing for both isomeric forms. The sulphur atom has been initially anchored in a bridge position for both isomeric forms, as suggested by our previous study on the nonfluorinated analogue. 9 To further investigate the influence of the structure of the SAM on the calculated properties, the two non-equivalent molecules were also attached with the same intermolecular distance and bridge anchoring position but in a different starting geometry (i.e., different spatial positions on the Au (111) surface). Along the line of our previous works, 9, 10 the geometry of the cells has been optimized at the Density Functional Theory (DFT) level using the SIESTA3 package, 27, 28 with a full relaxation of the molecule and the top two gold layers. The local density approximation (LDA) has been used in conjunction with the Ceperley-Alder exchange-correlation functional. [29] [30] [31] The valence electrons are described within the LCAO approximation using a DZP basis set 27, 28 whereas Troullier-Martins pseudopotentials are used for the description of the core electrons. We use a mesh cut-off of 250 Ry and a k-sampling of (5,5,1) in the Monkhorst-Pack scheme. 32 The parameters of the DZP basis have been adapted in the same way for all atoms so that the work function of the clean gold (111) surface matches the experimental value of 5.26 eV. 26 The choice of the LDA approximation is justified by the fact that in our experience, LDA and the generalized gradient approximation (GGA) give very similar work function shifts for SAMs chemisorbed on a metallic electrode for a given contact geometry; moreover, we do not expect the interface geometry to be radically different when using these two different approximations in view of the high packing density of the molecules on the surface. Since the possible degrees of freedom are strongly limited by the chemical anchoring of the molecules on the gold surface via the S-Au bond and by the full coverage of the metal surface, neither do we expect that the van der Waals interactions will strongly impact the present results. Note also that the herringbone packing observed for the trans isomer is driven by quadrupolar effects and that such electrostatic interactions are fully accounted for by the calculations. After optimization, the sulphur atom is located on a bridge site for both isomers and both different spatial layouts, thus providing evidence that the anchoring position does not change upon isomerisation. 9 The average SAM thickness is about 22.6 Å for the trans isomer and 19.1 Å for the cis isomer. Fig. 2a shows the optimized structure of the cell for the two isomeric forms. The trans isomers pack into a herringbone structure with a tilt angle of 6.4° (3.4° for the second non-equivalent molecule) between the surface normal and the vector connecting the sulphur atom and the top carbon atom. The cis isomer of both starting geometries exhibits an opening angle in the structure (119° and 124°) which is much larger than for the molecule in the gas phase (86°, as calculated in a large unit cell to prevent intermolecular interactions) due to increased steric effects in the SAM, Fig. 2b . The phenyl ring next to the surface is found to be slightly less tilted (with respect to the normal to the surface) on average for the trans isomer of both starting geometries (13.3° and 6.9° for the two independent molecules) than for the cis isomer (17.3° and 7.6°). In spite of the steric hindrance induced by the fluorine atoms on the last phenyl ring, the tilt angle for the trans isomer and the opening angle of the cis isomer are very close to the values calculated for the non-fluorinated azobenzene derivative (7.2° and 117°, respectively). The same holds true for the angle between the surface normal and the first phenyl ring of the molecule (cis: 16.1° and 7.1°; trans: 13.1° and 6.8°) The electronic density calculated at the equilibrium geometry can be exploited to plot the plane averaged electrostatic potential along the axis normal to the interface; this provides a direct estimate of the work function shift by comparing the converged potential on the bare side of the surface and on the SAM-covered side of the surface. The total work function shift () can also be reduced into a molecular contribution (VSAM) arising from the dipole supported by the molecular backbone and a bond dipole (BD) contribution describing the interfacial electronic reorganization upon formation of the Au-S bond. 33 
ΔΦ = ΔVSAM + BD
(1) The magnitude of these two contributions depends whether we are considering that radicals or neutral molecules approach the gold surface to make a covalent Au-S bond; the radical scenario has been used here for sake of consistency with our previous studies. 34 VSAM has been estimated here by computing at the spin polarized LDA level the electrostatic potential profile across a sheet of radicals obtained by removing the metal surface from the full system while keeping the same geometry for the molecular part. The value of BD is then obtained by subtracting VSAM from  since we do not expect major surface restructuration of the gold surface 35 . It is worth stressing that the nature of the terminal group (thiol versus thioacetate) is not relevant when computing the work function shifts. Indeed, the terminal hydrogen atom of the thiol group or the acetate part are eliminated upon chemisorption. Since the theoretical analysis has been made here in a radical scenario, the nature of the actual terminal units does not change the results. Fig. 3 Plane averaged potentials of the (a) cis and (b) trans isomer on the gold (111) surface. We display curves for the bare Au(111) surface (green), the gold surface covered by the SAM (black), and the free SAM layer (purple and red for the cis and trans isomer, respectively). In the left part, we can identify the five gold layers and the SAM contribution moving away from the surface. The arrows on the right side points to the work function shift of the full system (light gray) and to the contribution arising from the free SAM (black arrow). The difference between these shifts corresponds to the bond dipole. Fig. 3 shows the calculated plane averaged potential profiles associated with the optimized structures of the unit cell for the trans and cis isomers. The computed work function of the Au(111) surface modified with the trans and cis isomers amount to 5.10 eV and 4.96 eV, respectively; this represents a decrease by -0.15 eV and -0.29 eV with respect to the clean metal surface. The higher work function observed for the trans form is fully consistent with the experimental data (vide infra), leading to a final difference between trans and cis forms (ΔCTof 140 meV. Similar results were obtained when considering a different initial layout for the two isomers. In order to investigate the contributions to this shift of the bond dipole versus the dipole supported by the molecular backbone, the computed potential profile of the free SAM is shown in Fig. 3 . For the trans form, the molecular contribution is -0.68 eV, leading to a bond dipole of +0.53 eV. A much higher value of -0.95 eV is obtained for the cis form, which translates into a bond dipole of about +0.66 eV. The shift of the work function is thus Fig. 4 Evolution of the bond dipole at the metal/SAM interface from the left to the right side. The black and red lines correspond to the trans and cis isomers, respectively. Reference vertical lines correspond to the gold surface and different positions along the molecular backbone in the superimposed trans geometry. The bond dipole first decreases in the vicinity of the Au-S bond due to the repulsion of the electronic cloud of gold at the surface by the atoms of the deposited molecule (i.e., pillow effect), then steadily grows to reach its final value. The blue line corresponds to the difference between the bond dipoles of the two isomers.
Results and discussions
Theoretical considerations
driven by two counter-acting contributions. The evolution of the generated bond dipole when moving from the left side to right side of the system is plotted in Fig. 4 for both isomers as well as the computed difference between cis and trans isomers. This difference is zero on the left side and it amounts to a total value of 130 meV on the right side (0.66 -0.53 eV). This graph illustrates that the bond dipole significantly grows in between the sulphur atom and the first nitrogen atom for both isomers. The bond dipole difference between cis and trans forms is about 56 meV near the sulphur atom to be compared with the final difference of 130 meV. The contribution of the molecular backbone to Δarises from its dipole moment. For the cis isomer, the dipole moment of the radical evolves from 4.46 D in the gas-phase optimized geometry (as calculated in a large unit cell to avoid intermolecular interactions) to 4.65 D and 4.01 D for the isolated radical molecules adopting the structure of the non-equivalent units in the SAM; the dipole slightly changes for the trans isomer from 2.69 D to 2.78 D and 2.61 D, respectively. Depolarization effects then come into play to modify these individual dipoles when accounting first for the intermolecular interactions between the two non-equivalent molecules within the SAM. 36 The total dipole of the two non-equivalent radical molecules is 7.82 D for cis This translates into a positive ΔCTVSAM value (0.27 eV) larger in absolute value than the negative CTBD contribution (-0.13 eV), in contrast to the fully hydrogenated derivative where the negative CTBD term (-0.17 eV) dominates over ΔCTVSAM (0.07 eV), thus explaining the sign difference in ΔOn the other hand, a work function shift with the same sign (ΔCT+220 meV), with a positive ΔCTVSAM value (0.13 eV) larger than the CTBD contribution (0.09 eV), has been calculated and measured for another azobenzene derivative with a single phenylene ring in the lower part of the molecule compared to 1, 10 thus confirming the role played by the dipole moment associated to the external fluorinated ring Fig. 1(c) shows the absorption spectrum of 1 in solution with a peak at ~350 nm characteristic of the azobenzene group in its trans form. Upon irradiation with UV light ( = 366 nm), this peak diminishes and reaches a minimum after 80 s of irradiation. At the same time a smaller peak characteristic of the cis form emerges in the visible (~450 nm). Fig. 1(d) confirms that the back isomerisation (cis to trans) can be achieved by broadband white light illumination for 50 s. The thermal back isomerisation at 4°C is much slower with the absorption spectrum after 24 h still closely resembling that of the cis isomer.
Isomerisation in solution
Work function measured with ambient photoelectron spectroscopy
Initially, in order to determine the shift in Φ upon formation of the chemisorbed SAM of 1, we measured the Φ of pristine Au electrode by ambient photoelectron spectroscopy: ΦAu amounted to 5.08 ± 0.02 eV. Such a value was extracted from the minimum threshold energy beyond which the emission of photoexcited electrons occurs from the ground state. Φ was then measured for both the trans and cis SAMs formed ex-situ. This yielded work function values of Φtrans-1/Au = 5.28 ± 0.01 eV and Φcis-1/Au = 4.99 ± 0.08 eV (Fig. 5) . ΔΦCT, defined as the difference between Φtrans-1/Au and Φcis-1/Au amounts to +290 ± 80 meV and has thus the same sign as predicted by the modelling, though larger in magnitude. In fact, this work function switch is more than double that observed for analogous compounds with a monophenyl bridge separating the sulphur atom from the azo group. 10 Attempts to monitor the different work function in an in-situ experiment starting from the trans and irradiating the surface with UV light while measuring by photoelectron spectroscopy were unsuccessful most likely because the very same wavelengths used to record a photoelectron spectroscopy spectrum are also needed to activate the trans to cis isomerization.
Contact angle measurement
Differences in surface energy between cis and trans SAMs of 1 on gold, were sought by measurement of the water contact angle, θc, of exsitu prepared SAMs, obtaining values of θc,cis = 89 ± 2° and θc,trans = 84 ± 4°, and suggesting that the surface energy is not affected by the isomerisation within the accuracy of our measurement. This is not in fact unreasonable when considering that the optimised simulated geometry of the cis isomer in the SAM (Fig. 2b) shows a larger opening angle than in the gas phase molecule (119°/124° for the SAM, 86° for gas phase, Fig. 2b ). The consequence is that the fluorine atoms are not completely hidden in the cis SAM, thereby limiting the change in the surface energy as compared to the trans SAM.
Work function as measured by KP
The surface modification due to UV light as well as the time-evolution after irradiation has been measured with the macroscopic Kelvin Probe (KP) technique. We measured the work function of the freshly prepared trans SAM on Au(111) averaged on the scale of mm 2 and how this changes by exposing the monolayer to UV light for 20 minutes, thereby photochemically inducing the transition from trans to cis in-situ. The latter isomeric SAM film was then stored at room temperature in the dark for 21 hours, to allow occurrence of the thermal relaxation cis  trans. 9 During such a relaxation, the evolution of the SAM work function was measured as a function of time (Fig. 6 ). In freshly irradiated samples the Ф values measured on cis and trans SAM amount to 5.15  0.02 eV and 5.34  0.02 eV, respectively, with a corresponding difference between the two isomers of ΔΦCT = 190 meV. This value is in good quantitative agreement with the value provided by the calculations and measured by ambient photoemission spectroscopy. The reversible switching (cis  trans) when keeping the sample under dark is monitored by KP, the acquired time-evolution of ΔΦCT being displayed in Fig. 6 . It reveals that after 1260 min (i.e. 21 hours) the ΔΦCT dropped to about 140 mV. This is due to the positive shift of the cis SAM work function tending to the work function value of the trans SAM (i.e. Φcis  Φtrans), while the Φ of the trans SAM was found being stable over time when stored at room temperature in the dark. The trend of the measured data is fitted with a sigmoidal curve by setting the asymptotic work function difference to zero (
). The fitted curve agrees with the experimental data suggesting that the complete reverse switching should be completed after more than 40 hours.
Work function difference as measured by KPFM
The SAM work function modification has been also monitored by KPFM. As reported by Crivillers et al, 9 the molecular thermal relaxation occurs in stages and is subordinated to the relaxation of the nearest neighbour in the 2D arrangement. Since the contrast in KPFM images appeared homogeneous on the length scale of tens of nm 2 , our measurements offer an average value of the work function in the recorded area (55 m 2 ). Two different sample preparation and photoinduced isomerisation approaches have been pursued, i.e. ex-situ and in-situ as sketched in Fig. 7 . In the ex-situ experiment, the chemisorption under visible light led to the formation of trans SAMs which exhibited a work function of Фtrans(ex) = 4.98 ± 0.01 eV. Conversely, cis SAMs were produced by first irradiating the solution with UV light for 120 sec, then dipping the Au(111) substrate for 24 hours at room temperature under UV illumination. The obtained SAM showed a Фcis(ex) of 4.75 ± 0.02 eV, therefore leading to a ФCT(ex) = 230 ± 14 meV, in agreement with the value estimated theoretically. This result confirms the efficient isomerisation from trans to cis. By storing the sample in dark for 48 hours, the measured Ф raised up to 4.95 ± 0.03 eV, thereby approaching the value measured on trans-SAM. A similar behaviour was observed in the in-situ experiment. In the as-prepared sample the Ф amounted to Фtrans(in) 4.85 ± 0.02 eV. Upon illumination of the SAM with UV light for 20 minutes, thereby photochemically triggering the isomerisation from trans to cis, the work function exhibited a negative shift, reaching values of Фcis(in) = 4.63 ± 0.01 eV. A successive illumination of the SAM with white light led to a further increase of the Ф up to 4.81 ± 0.02 eV, thus close to the pristine value. One can therefore estimate the ФCT(in) as 220 ± 20 meV, in very good agreement with the ex-situ result. These comparable in-situ and ex-situ values of ФCT suggest a high photoisomerisation quantum yield. Our previous experiments on analogues with a monophenyl bridge between the sulphur atom and the azobenzene group had a lower in-situ work function switch than was measured for the ex-situ case or predicted by quantum-chemical calculations. This suggests an increase in photoisomerisation quantum yield going from a monophenyl to biphenyl bridge that would originate from a reduced electrode quenching of the trans isomer excited state 18, 19 induced by a weaker electronic coupling to the electrode, as reflected by the reduced bond dipole of the trans form (+0.74 eV for the monophenyl bridge, +0.53 eV for the biphenyl bridge). In order to remove all possible contributions of solvent contamination, KPFM measurements were performed on fresh gold substrate immersed in a CHCl3 solution for 24 hours in dark. The measured value amounts to 4.78 ± 0.01 eV in good agreement with Kim et al.
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Conclusions
We have designed a biphenyl azobenzene 1 that could undergo in-situ reversible photochemical isomerisation between a trans and a cis form directly on the surface of Au(111). In light of the chemical design, such isomerisation was accompanied by a significant change in the work function. Such a property was explored using a wide palette of experimental techniques including ambient photoelectron spectroscopy, macroscopic KP and KPFM, and was further corroborated by quantum-chemical calculations. Ambient photoelectron spectroscopy displayed a value ФCT = 290 meV. Macroscopic KP and KPFM showed work function difference between the 1 SAMs in trans and cis isomeric forms of 190 meV and 220 meV, respectively. The work function difference of the trans SAM compared to the cis is in close agreement to the value obtained from quantum-chemical calculations, i.e. ФCT =140 meV. In all cases the work function of the trans SAM was found to be larger than the one of the cis SAM, in consistency with our previous report on cis and trans SAMs on Au based on a similar perfluoro azobenzene embedding a shorter (i.e. phenyl) spacer between the anchoring group and the azo moiety. Comparable work function modulation between the ex-and in-situ experiments along with the quantum-chemical calculations suggests a high quantum yield of photoisomerisation in-situ. In previous work using monophenyl bridging units, in-situ switching yielded lower work function modulation than predicted by quantum-chemical calculations, suggesting that by using a biphenyl bridging unit we have significantly reduced the quenching of in-situ photoisomerisation and consequently increased photoisomerisation quantum yields. The minor deviation of the recorded values across different methods is attributed to the inherent contrast in the modes of characterization itself along with the varied operating conditions.
